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FOREWORD

This report presents the results of the Phase II study and
completes the requirements of Contract NOw 61-0268-c, Bureau of
Naval Weapons, Department of the Navy. The technical monitor
has been Mr. Dean C. Lindquist of the Loads and Dynamics Branch

of the Airframe Design Division of the Bureau of Naval Weapons.
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ABSTRACT

A method for establishing landing loads design criteria
for carrier-based airplanes is presented in this Phase II
report. The airplane's landing environment was mathemati-
cally defined in Phase I, and provides the initial conditions
necessary for the evaluation of landing loads. The loads
criteria include methodsa for determining design loads, fatigue
spectra, and strength envelopes which are compatible with the
environmental conditions at airplane touchdown. The various
methods are compared relative to the time required to perform
the load analyses, computer time required, and the signifi-

cance of the results.
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INTRODUCTION

The development of a method for establishing carrier
landing design criteria has evolved in the form of a two
phase program conducted by Chance Vought under the supervision

of the Bureau of Naval Weapons.

The underlying assumption for both phases has been that
the design of a carrier-based airplane must consider the entire
landing environment in order to obtain the landing strength

and performance required by military operations.

This report presents the results of the Phase II study of
tpat program. Utilizing the landing environment defined in
Phase I, this study develops a method for determing design
landing loads criteria. These criteria include procedures
for defining (1) design loads, (2) fatigue spectra, and (3)
strength envelopes. Fundamental to such criteria are the use
of statistics and probability theory which are necessarily
consistent with the procedures used in Phase I to define the
landing environment. Due consideration was given to minimiz-
ing the elapsed time that would be required of a Contractor
to conduet such a study for a new design. This includes the
time required for the selection of a sample of initial conditions,
the analysis of the mathematical model, and the determination of

the design loads criteria.
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1. INPUT VARIABLES AND PARAMETERS

The input variables and parameters are inclusive of those
necessary to properly evaluate the landing loads expected to
be experienced by an airplane during the carrier operation
portion of its life. This definition presupposes that the
proportion of an airplane's landings, that are carrier land-
ings, is known. (MIL-A-8866 (ASC) requires twenty percent of

the total landings to be carrier landings.)

The input variables consist of those variables, discussed
in paragraph 10.12 cof reference (a), which define the landing
environment of the airplane at the instant of touchdown on
the carrier deck. A set of values for these variables, for a
particular landing, will define the initial condition of the
airplane at touchdown and its position on the deck. It is
these sets of values which form the initial conditions for the

analysis used to evaluate the landing loads.

In addition to the initial conditions, certain other
parameters should be considered for completeness in any
analysis of carrier landings. Of primary interest is the deck
configuration. For example, the arresting cables and their spacing
will have a significant effect on the loads if contacted during
touchdown or roll-out during the period of high loads on the

gear. To properly assess the effects of this parameter on the
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landing gear requires a probability analysis, and should
definitely be included in the analytical model. (The cable
and its inclusion in the analysis are discussed in more
detail in Section 5.) Other carrier conditions such as
deck pitch are included as inputs to the derivation of the

initial conditions.

It should be noted that variations in servicing of the
tires and struts are included in the initial conditions.
That is, the tire pressures, the strut air pressures, and
the strut oil levels can be considered as variables and have
been so described in paragraph 10.12 of reference (a). The
effects of tire pressure, in conjunction with cable impact
or run-over, have been found to be significant in previous

analyses.

It is the variables which make up the initial conditions
together with the parameters which describe the deck conditions

that will be the input to the load analysis.,
2, SELECTION OF INITIAL CONDITIONS

Phase I of this study provides a method for establishing
the carrier landing environment for current or new Navy
airplanes. This environment is expressed in terms of distri-
bution functions of the pertinent initial condition variables

together with an extreme value envelope derived in accordance
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with a pre-assigned probability. Hence, to establish design
load criteria for a specific design, a procedure must be
determined for selecting combinations of values of the initial
conditions which are representative of the landing environment
thgt is expected for the new design. These combinations of
initial conditions will thus be used as inputs to the analytical
model for determining the ground reactions of each of the land-
ing gears. The procedure for selecting these combinations will
be s0 defined as to meke it readily adaptable to a high speed
computer. Since the entire environment is of importance to

the design, a sampling technique or weighted parameter study

will be required.

Monte Carlo techniques (sampling) can be used to generate
combinations of conditions which take on values in accordance
with the distributions defined in paragraph 10.12 of refer-
ence (a). Digital computer routines exist in SHARE (IBM)
which will generate random normal variates, or random numbers
for the uniform distribution, satisfying the particular
distribution function requirements. Figure 2.1 presents four
hypothetical distributions and a set of initial conditions
which could be generated from these distributions. Those

distributions which are neither normal nor uniform, may be

defined so that they may be generated randomly on a digital

computer. For example, much of the empirical data in refer-
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Figure 2.1
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Example of a set of initial conditions which could

be generated from three normal distribution func-

tions and one uniform distribution. (i.e., x

from £y, xp) from fp, x3; from f3 and x), froim fh)
ence (a) is non-normel and, if it is to be used for a new
design, it would be necessary to generate its values by use
of the functions in Table X of reference (a) or by discrete
representations of the curves. Changes in the method of
controlling the approach of the airplanes to the carrier
would result in changes to the distributions of the initial

conditions which would subsequently be represented empirically

or functionally. That is, a value for each of the initial
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variables X1 Xps eeey Xp (engaging speed, sink speed, pitch
angle, roll angle, yaw angle, etc.), is generated by the
computer. Each set, (xli’ Xpys X345 ceey Xpi), of the m
values forms the initial condition for a landing. Combining
the value Xy4s with x5, with X343 eeey with X4 to form each
set is possible with the assumption of mutual independence of
the m variables. This assumption is consistent with the
relations developed in Phase I. The totality of the n sets,
(where 1 = 1, 2, ..., n), forms the sample of initial conditions
which will be representsative of the cerrier landings expected
to be experienced by the new design. How well, or to what
degree, the sample is representative is & function of the
distribution functions defined in paragraph 10,12 and the

sample size. This sample will be used as the initial con-

ditions for the equations of motion.

A weighted parameter study is a second approach which is
available for determining a sample of initial conditions.
While the Monte Carlo approach generated the values of each
xij, and combined them, in & random manner; the weighted
parameter approach uses fixed values of each of the variables,
x4 and combines these values into sets (x4, Xgqs X3ks eeey
xmr) each with an associated probability. This approach
ad justs the sample size by varying either the number of

variables x;, or the number of velues used for each x;, or
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both. The probability associated with each set, or combi-
nation, of the x;'s is also assigned to the load cycle
resulting from the analysis where this set was used as the

initial condition.

For each variable x;, its range is subdivided into ny
intervals (Iij’ 3 =1, 2, «v., n;) each having an associated
probability (weight) of the variable being within that
interval (i.e. P(x; € IiJ) = pyy and _§fi Pyy = 1 ). The
midpoint of each interwval, Xy 49 is ueuaily selected as the
"typical" value within the interval. Then all sets of the
xj variables will have an associated probability of their
joint occurrence, (e.g., P3061 = P(xy = X33 Xp = Xgp, X3 =
X36y X) = xhl) - p13-p22«p36'ph1 assuming the variables are
mutually independent). This is shown graphically in Figure
2.2 using hypothetiéal discrete distributions of the variables
X3s Xp, X3 and x)+) There will be n; . n, * eee * np total
sets possible with the associated probabilities P13 « P2k .
eee " Ppp fOr J =1, eeey D33 k =1, c0ey Npj eeej T = 1,
eee, Dpe Thus, it can be noted that for large m, and/or large
ni's, the number of sets will be significant and will possibly
exceed the number required for & Monte Carlo study. Reference
(d) presents an application of the weighted parameter approach
from the selection of initiel conditions to the determination

of a load distribution.,
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Figure 2.2
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The two approaches, Monte Carlo and a weighted parameter
study, have been presented separately, however, a better
approach may be a combination of both. That is, a limited
parameter study can be performed first to evaluate the
effects of certein of the unknown initial condition variables
80 that their range of values might possibly be reduced to a
very few selected values. For example, the effect of gear
mis-servicing might be adequately defined by the use of
only a finite number of values for each of the variables strut

air pressure, strut o0il level and tire pressure., In other
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words the continuous distribution functions of these three
mis-servicing variables might be approximated with discrete
distribution functions if the resulting change in loads is
small, The distribution of the distance from hook-deck
contact to the engaged cable, 4, may similarly be investigated
by a parameter study to evaluate the possibility of reducing
it from a continuous variable to a discrete variable of &
finite number of values., Having the discrete distridbutions
for several of the variables will thus simplify the subse-
quent sampling. For example, the distribution of 4, if

uniformly distributed, could be shown as

f(D = --é—- s 0$d¢D

(o] D

and with the results of a parameter study may be shown as

-0

E B R

RrR=h=p,=.25
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3. OUTPUT VARIABLES

Having described the landing environment in reference
(a), and having defined the input variables in Section 1,
the output variables necessary for determining the design
loads criteria must be defined. The ground loads, loads at
the axle, or the gear member loads can be used as the output
variables. For the purpose of this study, the ground loads
will be used to define the criteria regarding design loads
and fatigue. Adequate preliminary ground loads can be
obtained using a basic cantilevered strut in the initiel
loads studies. These loads could be refined with a later

analysis using the finalized gear design.

The subsequent evaluation of strength envelopes will
involve the member loads as a part of the detail design.
However, the envelopes can be expressed as functions of the
ground loads and stroke. When expressed in this form, they
are readily comparable with the design ard fatigue loads.
Thus, the vertical, side, and drag loads at the ground will

be used as the output variables in the design criteris.

A8 noted in Section 1, the initial conditions plus
several of the deck conditions, have been presented as
random veriables having well defined statistical properties.

Procedures are presented in Section 4, which utilize these



Report No. 2-53400/3R460O
Page No, 16

statistical properties of the input variables to determine
the corresponding statistical characteristiecs of the output

loads.
L, PROCEDURES FOR EVALUATING THE OUTPUT VARIABLES

As previously discussed, the vertical, side and drag
loads at the ground were recommended as the basic output
variables to be used for establishing design criteria. The
method developed in Phase I, for the derivation of a land-
ing design criterion, considered the entire landing environ-
ment, The following criteria will proviﬁe a population of
loads corresponding to the population of initial conditions.
These loads at the ground can be considered as random
veriables having statistical properties which are dependent
upon the statistical characteristics of the landing environ-
ment at airplane touchdown., The statistical properties of
the output variables can thus be determined and presented
in the form of distribution functions. Several procedures
are proposed for obtaining design loads, fatigue spectra, and
strength envelopes. The last procedure is recommended and
is discussed in detail in later sections. All of them are
based on samples of values of the output variables obtained
a8 solutions to the equations of motion which correspond to

initial conditions derived from the landing environment.
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The first procedure develops sample distribution functions

of the output variables from which design loads, a fatigue

spectrum, and strength envelopes can be evaluated.

In this

procedure, Monte Carlo techniques are used to obtain a sample

of output loads from which the distribution functions can be

derived.

histories from which the distributions can be derived,

The output will be in the form of load time

Both

the fatigue spectrum and strength boundaries require the stroke
that is associated with the loads. The Joint, marginel, and
conditional distribution functions are defined in terms of the

time to exceed which is available in the time history solutions

of the mathematical model,

The distribution functions are

derived with the following notation and equations.

t(x>x°|y7y°)=

Notation

Z, ¥, X vertical, side and drag load, respectively

Zgs Yor ¥o particular values of the z, y, and x variables
8 stroke of the landing gear

8o particular value of stroke

t(x> xo) time that the drag load, x, exceeds a partic-

ular value X,

t(x>xo.y>y°) time that x exceeds x, and y exceeds Yo The
" "
dot means "and".
T total time considered for the sample of n

landings

probability of occurrence of the argument
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P (l) conditional probability
(e.g., P(x>x,| y>y,) probability that x

exceeds x, given that y exceeds y,

Given; the time histories of z, y, x and s for each of n
landings obtained as solutions of the mathematical model.

Let: P(x>x,) = t(x ?rxg), P(¥Y> ¥o) = t(y>yo), P(z>20) =
T

t(z>TzQ) (1)
P(x>x‘o.y>y°)=t(x>x9.z>xgz (2)
T

P(y>yol x>x5) = P(y>vyo - x> xo)/ P(x>xg)

= tly>yg o x> x3)/ t(x>x0) = t(y»yo « ¥oxg) (3)
T T t{x > x3)

Plz>zy| x»xy & Y>¥,) = Plz>2g « X2Xg5 ¥> ¥Yo)
P(x>xg « ¥2Yo)

= t{z>2, . X>Xg o y>yo)/t(x->xo .« ¥Y>»Yo)

T T
/ ()

= t(z>29 . X>Xo o ¥Y>¥o)
t{x>x4 o Y > Yo)

Similarly,
P(z>2o| X%, « ¥>¥o o 5750) = t(z229 « X>Xo o ¥Y*¥o*55)
t(x> xg « ¥>¥0 * gvso)

(5)

Therefore, utilizing equations (1) through (5), or comparable

forms, the joint distribution function of the three loads and
the stroke can be evaluated,

P(z>2, « ¥°Yo » X7Xq * 8»8,) = P(z>25) P(y> yo | 27 zo) 6)
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P(x> x5 | 2z 2o o Y ¥ Yo) P( s>s°| 27 %g ¢ Y>Yo o X xo)

- t(z> 2z & Y»Yo ¢« X»Xg" n>so) (7)
T

These equations define the marginal, conditional, and Jjoint
distributions of the combinations of loads and stroke that
are of interest. For example, Figures 4.1 and 4.2 and
Table 4.1l present sample curves and a resulting table of
values based on a landing of a Model F8 airplane. The time
histories in Figure L.l are actually member loads but for

illustrative purposes are presented here,

As noted in equation (1), the application of the Monte
Carlo technique can provide the marginal distributions of the
output variables. To define a sample size required for the
analysis is difficult to do when no previous experience or
data are available for estimating the variation in the output
variable. However, a sequential approach is felt to be
realistic for engineering applications. That is, the Monte
Carlo sample of input values will be generated in blocks of
n’ where n’ is small compared to the anticipated total sample
size n (e.g., n' = 50 if n = 500 is anticipated). The
cumulaetive distribution function of each output variable is
determined for the first sample of nﬂ the second sample of
2n’ and so on until the last sample of n’ has been added to the
previous sample of n-n’ . It is anticipated that the sequence

of distribution functions will approach a limit which can be
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P(x» x5 | 2v 25 » ¥7¥o) P( s>s°| 2725 ¢ Y>¥o ¢ X7 Xg)

«- t(z2>20 ¢« Y»¥0 ¢ X»Xg" . » 80) (7)
T

These equations define the marginal, conditional, and Joint
distributions of the combinations of loads and stroke that
are of interest., For example, Figures 4,1 and 4,2 and
Table 4.l present sample curves and a resulting table of
values based on a landing of a Model F8 airplane. The time
histories in Figure 4.1 are actually member loads bdbut for

illustrative purposes are presented here,

As noted in equation (1), the application of the Monte
Carlo technique can provide the marginal distributions of the
output variables. To define a sample size required for the
enalysis is difficult to do when no previous experience or
data are available for estimating the variation in the output
variable. However, a sequential approach is felt to be
realistic for engineering applications. That is, the Monte
Carlo sample of input values will be generated in blocks of
n’ where n' is small compared to the anticipated total sample
size n (e.g., n' = 50 if n = 500 is anticipated)., The
cunulative distribution function of each output variable is
determined for the first sample of nﬁ the second sample of
2n’ and so on until the last sample of n’ has been added to the
previous sample of n-n" . It is anticipated that the sequence

of distribution functions will approach a limit which can be
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defined within a narrow band over the range of each variable.
That is, the range of values of the output variable

corresponding to a specified probability will be small.,

The procedure defined by equations (1) through (7) will
howvever be tedious to perform. It requires the reading of
the sets of time histories of a significant number of land-
ing solutions, each of which is time consuming. Thus, not
because of its inadequacy, but rather because of the elapsed
time required to do the job, this procedure is not recommended

for general use.

A second procedure, utilizing a weighted sample (see
Section 2), has its primary value in the derivation of a
fatigue spectrum. It would assure the adequacy of the range
of values of the input variables used in obtaining the combi-
nations of loads used in analysis and testing. Thie technique
requires a subdivision of each of the ranges of the initiel
condition variables. This presupposes that the range of each
variable is finite and that enough divisions will be made.
Representing the procedure symbolically we have:

x93 represents the midpoint of ith interval of the first
variable, x3;

X2 4 represents the midpoint of the jth interval of the second
variable, xo;

X3k represents the midpoint of the kth interval of the third
variable, x3;
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Xy represents the midpoint of the rth interval of the
fourth variable, x);

and so on for the m variables used as initial conditions.

P,, represents the probability of x, being within the itk
1i 1
interval, or P(xy = X34

paj represents the probability of Xo being within the Jjth
interval, or P(x, = xej)

pP3k represents the probability of X3 being within the kth
interval, or P(x3 = X3x)

Py represents the probability of x) being within the rth
interval, or P(x) = x4.)

and so on for the m variables. Let n,, ny,, N3y, Ny ees, Ny
represent the number of intervals into which the ranges of
X1y X235 X35 Xl eeey Xp, respectively, have been divided.
Thus, any particular combination of values such as X119 x23,
x32, th will occur with probability P1325 = P33 P23 P32 Phs
when the x; are assumed mutually independent. The load cycle
corresponding to this particular set of initial conditions
will have also the probability of Py325 of occurrence. The
sample of n = N} » Np * «es * Ny initial conditions will
have then a corresponding set of (x, y, z, 8) loads and load
cycles, This sample of n load combinations and strokes will
then form the spectrum for fatigue analysis and test. For
example, let m = 3, ny = 3 = np, n3 = 2 then the following
table (4.2) will define the eighteen combinations of initial

conditions and resulting loads and load cycles with the

associated probebilities.
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Table 4,2
Initial Conditions Ground Loads Probability
1. x4 X21 X31 (x5 ¥, 2z, 8)33y P111
e - *32 (%, ¥, 2, 8)y3 P112
3. Xop X31 (x, ¥, 2, 3)121 ' P21
L, + : x32 (x, y, z, 5)122 P122
S5 - x23 x3l (x, ¥, 2z, 5)131 pl3l
6- ' : x32 ! |
|
7. x12 x21 X3l ! )
]
8, . X !
32 | |
9, * X22 x31 | \
10, X30 | \
{ . !
! |
. i 1 ‘ |
' ! | !
18. X1 3 %53 %30 (x, ¥, 2, 8)332 P33p

Such a spectrum will assure that the entire range of values
of the initial conditions will be included. The loading
cycles will be defined in Section 7. A disadvantage of this
procedure is that to adequately cover the entire rangerf
each initiel condition variable, a large number of intervals
will be required. That is, the ith interval of x; must be
sufficiently small so that the midpoint, x,,, properly
represents it. The same is true for the other m-1 variables.

Thus, n = N} « Np eee N will be large especially if the nj

m
and/or m is large., The largeness of n may require the use of
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other procedures due to the elapsed time required and/or

computer costs.

A parameter study does have certain advantages however.,
If in the selection of combinations, they are ordered such
that only one variable is allowed to change, the resulting
solutions of the mathematical model when plotted would
exhibit existing functional relationships. Cross-plotting
such loads with the changes due to varying one or more other
initial conditions would provide a family of solutions which
could be used to estimate the loads for subsequent combinations
of initial conditions., From such a family, the effects of
delta changes in the initial values could be estimated. Also,
the overall effect of one particuler variable could be investi-

gated.

This type of prediction would be most difficult when
using a Monte Carlo approach, The investigator would have a
distribution of loads but no well defined way of going back
to check the load effects of any one particular initial

condition variable.

The last procedure makes use of extreme value contours
to define the design conditions and, Monte Carlo technigues
to evaluate loads and load cycles for defining a fatigue

spectrum and strength envelopes. Distribution functions of



Report No. 2-53400/3R4L60O
Page No. 2L

the output variables are not required in this procedure. It
is discussed in detail in subesequent sections and is suggested

for use from a time and cost point of view,
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SAMPLE MAIN GEAR LOAD
AND STROKE TIME HISTORIES
(ONE LANDING)

Total Time (T) =
.18 sec. :

08 0B 10 1z .ib 18 18 .20
Time in Sec.
8

'02

.0b ,06 .08 .10 .12 .1k ,16 .18 .20
Time in Sec.
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Table &4 ol

DISCRETE VALUES OF JOINT DISTRIBUTION
FUNCTIONS OF MG LOADS
(1.e.) P(x2x,, ¥y>yo, 2724, 8955)
for various combinations of (Xo, ¥g» 2gs O)

z Load Y Load x 10”2 1bs. y Load x 10 1bs,

x10-71bsJ y>0[y>k0[y>60[y>80]y>100] y>0|y>L0|y>60 y>80 yvloé‘

z > o [1,00] .89} .67] .uu]| .06 | .67| .67| .56| .39| .06
> 60 | .95] .89| .67 44| .06 |.67| .67] .56 «39] .06
>100 | 78| 78| 67| Juk| .06 | .6T| 67| «56} +39]| .06
>130 | .67( 67| .62| .bu| .06 |.58] .58] .56] .39{ .06
>160 | .50| .50] .50| .36] .06 |.50] .50| .50| .39] .06
>180 | .28| .28| .28| .28| .06 | .28| .28 .28| .28]| .06

>190 | .11} .11} .11{ .11} .06 |.11| .11}..11} .21] .06

x Load (* 10"31bs) » 30 [ x Load ¢* 10°3 1bs.) > k0
> o | Jub4) Juu| .39) .22 o |.11| .21} .12] .08] o
> 60 | Ju4| Juu] .39) 22| o |.12] .22] .22 .08] o
>100 | Jub| 44| .39) .22 o |.11}| .22] .21] .08] o
>130 | 42| Jb2| .39) .22] o |.11] .21f .11] .08 o
>160 | .39]| 39| <39} .22f o0 |.11f .12 .11]| .08 O
>180 | .19 .19| .29| .29 o |.08| .08] .08]|..08| o
190 | .ou| .o4| .ou| .ou| o |.o02| .02| .02] .02| o
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Figure L.2
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5. ANALYTICAL CONSIDERATIONS FOR THE MATHEMATICAL MODEL

A previous section presented a discussion of procedures for
selecting combinations of initial conditions to be used in an
analytical determination of ground loads and subsequent member
loads of the airplane's landing gears. It is assumed that the
Contractor has a basic mathematical model for his airplane (see
reference (b) for the model used with the F-8 airplane and refer-
ence (c) for other gear models) with which the ground and member
loads can be calculated as functions of the initial variables.
The accuracy of the celculated loads, with respect to actual
landing loads, will be dependent on the form of this analytical

representation.

At the time of initial design the analytical representation
can be simplified with the as;umption of a cantilevered strut
design for the gears since detail design information would not
be available for the finalized gear. Subsequent ana;yais,
which would include the actual gear configuration, would provide
final loads for ghe detail design of the gears, Having the
final gear configuration and an adequate analytical model, the

analysis could provide the loads for any point in the structure.

As presented in reference (d), the effect of the impact, cor
roll-over, of the wheels on the arresting cables was very pro-

nounced in the peak loads. The resulting probability distri-
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bution of gear loads, determined with cable effects included,
was significantly different from the distribution of loads
evaluated without cable effects. The results in reference

(d) were obtained from a weighted parameter study. As a side
result of this study, it was noted that by varying the tire
pressure, the change in loads was significant and for the F-8,
the tire pressure requirement was changed to reduce the load
increments in the gear due to running over a cable. It is
recommended that the mathematical models defined for all future
designs include the equations necessary to evaluate the effects
of running over, or impacting on, the arresting cables on the
carrier deck. The initial condition variables, defined in
paragraph 10.12 of reference (a) include those variables
necessary for calculating the cable effects., Of primary
importance is the distance from hook-deck contact to the

cable engaged by the arresting hook. A second problem related
to the arresting cables is the proper assessment of the effects
due téktouching down on the deck prior to the first cable and
then engaging one of the cables during the subsequent roll

out, rebound or free flight.

Consider the variable X, the distance from the ramp to first
wheel touchdown, and its distribution over the length of the
landing area for & particular model airplane. The density
function, £f(X), is assumed normal which is consistent with the
data available from references (e) and (f), and is summarized

in the Phase I Final report. The variable X is assumed
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independent of sinking speed and engaging speed. The prob-
ability of landing within(l) the cables is equal to

P(X)€ X< X,) where X, and X, are defined in Figure 5.1.

Figure 5.1

DENSITY FUNCTION OF DISTANCE
FROM RAMP TO FIRST WHEEL TOUCHDOWN

- 2
S

[
\zw

‘F(x) =

$(x)

I i R v B T
X, Cables x

1 "within" is defined as the distance between the touchdown
point, X;, which is prior to the first cable and from which
the gear will roll-over the first and subsequent cables
under load; and the last cable located at a distance X,

from .the ramp.
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The probability of landing prior to X1, where the airplane

can rebound and possibly be airborne at time of cable
engagement, is equal to P(X< Xy). The probability of

landing on cable-free deck is equal to P(X> X5). Due to

the differences in airplane response characteristics from
model to model and the variation in the other initial
variables, the hook-deck contact point would be difficult

to determine. Thus, the Jjoint probability of landing within
the cable area of the deck and also having a particular
distance from hook-deck contact to the engaged cable will

be calculated using the marginal and conditional probabilities
(1.e.) P(X1% X2 X,,
P(a, - A_%édé d,+ g% xls X< x2) where d is the distance

d - 4dcdgd s gdé) = P(X,€ X< X,)

from hook-deck contact to engaged cable and d, is any
specified value of d. The marginal prcbability, P(Xls X< XE)’
will be evaluated from f(X) and the conditional probability,
P(a, - Q_d_5dsd°+£g X € X¢X,) will be evaluated using a
uniform d?stribution of 4 as defined in paragraph 10.12 of
reference (a) and a preselected incremental value for Ad.
However, for purposes of this study, the value of do will be
generated as a random number in the range defined by the
between-cable distances, and the probabilities P(X< X4),
P(X;¢ X« xe) and P(X>X2) will be fixed. Thus, if X;% X£X,,

then d, will be generated for use in the analysis.
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In order that the distribution of X be applicable to all
aircraft carriers, a nondimensional analog will be used.
Let X' be the expected touchdown point and consider the
variable Y = X/X' which nondimensionalizes the variable X
and expresses X as & proportion of the expected touchdown
point X', The data available from references (e) and (f)
yield a mean value of Y equal to .84 and the standard
deviation, Ty = .195. Since the distribution of X is
assumed normal, the corresponding distribution of ¥ is like-
wise normal. The value of X' is a function of the relative
glide path determined by the mirror, or optical landing aid,
and of the airplade. Hence, for a particular carrier,
mirror, and airplane, X' can be determined and subsegquently
the distribution of X can be evaluated., It is assumed that
the cables are a uniform distance apart, whil it is realized
that the distance between cables is not always uniform for
a specific carrier and certeinly not uniform between carriers,
However, an average distance can be used without loss of

accuracye.

The arresting force, or hook load, is required when
evaluating the nose gear loads and hence should be included
in any analysis. The determination of the main gear loads is
less sensitive to the input of the arresting force since the

maximum loads have been experienced prior to the initiation
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of this force.

A recently completed study, reported in reference (b),
has shown the importance of several other considerations in
the load analysis of a landing gear. As a result of this
study, the effects of structural damping, tire coefficient
of friction, tire spring rates, variations of the strut
orifice coefficient, and stirut efficiency were shown to be
significant with regard to the landing gear loads. Of these
variables, the relation of the coefficient of friction,/u-,
to the slip ratio*, r, is of particular importance with regard
to its inclusion in a design study. In the past, constant
values of,*~ have been required for use in analyses. However,
to properly evaluate the landing gear loads, the coefficient
of friction should be considered as a function of the slip
ratiov ana within an envelope over the range of values for
slip ratio of O to 1. As a first cut at obtaining design
loads, constant values of’}k-may be used but, for final loads,

consideration should be given to the envelope of values of

(r,)& )« The values of (rl,)A.l) and (r2, )La) together with

* glip ratio is defined as 1 - Vwheel where V is wheel
VE

tangential velocity and Vg wheel axle horizontal velocity.

wheel

Vaxle = Vwheel = Vskid
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(0, 0) and (1, 0) will define the envelope. Straight line
segments will be assumed to connect these points. (See
Figure 5.2)

Figure 5.2

(rg.o }*2)

P N\
/ \ \
\\ N \\
(r]_:’*]_) :
Y r = Slip Ratio 1

An additional parameter is recommended for consideration
in the evaluation of landing gear loads; namely, the impact
due to running over a guide light or shuttle in the landing
area, While there are only two shuttles to be considered,
there are approximately forty guide lights in the roll out

area, hence the likelihood of hitting a light with one of

the gears is quite high., It may well be that the delta load

to the gear, due to rolling over a light is not significant
but, it should be included as a part of the parameter study
for a new gear design., The delta load due to contacting a
catapult shuttle could be significant especially if the

gear is already heafily loaded, Of the two shuttles in the
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canted deck landing area of the iarger carriers, only one is
sufficiently close to the center line to be considered in
the normal landing area, This shuttle, within the landing
area, is past the arresting cables and possibly can be con-
tacted by the main gear during roll out. Thus, the loads
due to contacting the shuttle should be investigated as a

part of any analysis.
6. DESIGN LOADS

The ground loads, that are to be used for design, are
functions of a set of initial conditions whose likelihood of
occurrence is equal to a pre-assigned value. Extreme landing
conditions will be defined in accordance with Section 11 of
reference (a).(l) The sets of these conditions are the input
to the analysis from which the ground loads are obtained.
These output ivaus are defined as the design loads for the

new configuration.

The extreme landing conditions defined in reference (a)
require the definition of a probability, po, which is
associated with the extreme value of one of the initial
condition variables. It is proposed that this probability,
Po» be defined in accordance with MIL-A-8866(ASG). That
is, for a specified airplane type, py will equal the
relative frequency of one occurrence in twice the number
of carrier landings required for this airplane type.
MIL-A-B866(ASG) requires twenty percent of the total
landings be carrier landings and that a factor of two,
or more, be used in any subsegquent use of the data for
fatigue., Thus, pg = 1 where T is the total

2 X 2 x T
number of landings.
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As an example, Figure 6.1 presents a series of extreme
value contours which provide the input for the analytical
determination of landing loads. That is, the coordinates
of any point on the contour are values of the initial
conditions for which the joint probability of excedance is
a fixed value. The method of evaluation of the points,
which define the contour, is presented in Table 12.2.1 and
Figures 12.2.1 through 12.2,4 of reference (&) for a
similar example. A graphic preéentation can be used for four
variables and tebular form for more than four variables. For
example, consider the circular symbols in Figure 6.1; the
first has coordinates x; = x33, Xp = Xo3, X3 = x33 for
spegified Xy Xg and xg; the second point has coordinates
X) = X1py Xp = Xppy X3 = x32 and the same values of xy, Xg
and xg. These sets of coordinates would then provide two
of the input conditions for the subsequent evaluation of
ground loads. Thus, each of the load cycles, (z, y, x),
vhich are available from this analysis would have the same
apsociated probability of occurrence; namely, the value of

P used in determining the extreme values,

The first four coordinates used in Figure 6.1 are the
initial conditions which are likely to cause significant
changes in the output loads for small changes in the

variable, The othef input conditions can very likely bde
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considered as discrete variables as was indicated in Section
?. ‘Phis being true, the contours in Figure 6.1 could for
czample be representative of a specific set of values for
the distance to cable engaged, X5y and a mis-servicing

condition, Xge

The number of combinations of initial conditions used in
any analysis to determine the design loads is & function of
the change in load due to a delta change in the initial
conditions. If curves are plotted, similar to those in
Figure 6.1, enough points on the curves should be selected
to properly assess the joint effect of changes in each of
the initial conditions. The loads so determined for design
will be compared with the loads evaluated for the fatigue

spectrum.



Repurt Nu. 2-53400/3R460
Figure 6.1 Page No. 38 :

DESIGN CONDITIONS
Cumbinations of Initial Conditions X3, see, Xg
With Joint Probability of COccurrence P

PzR

M: X*a
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7. FATIGUE SPECTRUM

The spectrum of loads and load cycles to be used for a
fatigue analysis and test will be obtained from the solutions
of the equations of motion which correspond to the statistical
sample of initial conditions. This sample of initial conditions
is generated in accordance with the procedures presented in
peragraph 12 of Phase I. The time histories of the ground
loads, corresponding to each initial condition, will be the
basis for establishing a spectrum of loadings which will bve

representative of the expected landing gear life.

Of importance to fatigue, will be the stroke, s, correspond-
ing to the x, y and 2z loads of the gear, For each set of
component load time histories corresponding to the initial
condition of a sample landing, five load combinations will
be considered. These five load combinations together with
the corresponding stroke, will be the basis of a loading
cycle which will represent this particular landing in the
fatigue spectrum. The five load combinations to be determined

are: (xmax aft? ycorr., Zcorr.’ Bcorr.)’ (xma,x fwa? ycorro’

s B

Zaorr.? Scorr.)? (Xcorr.’ Ymax inboara’ Zcorr. corr.)

(Xcorr.? Ymax outboara’ Zecorr.’ Scorr.) 888 (Xcorp,» Yeorr.:

Zpax? Beorr,)+ It 18 assumed thet all of the cycles are

initiated at (0, 0, 0, Bey11y extendea) 8nd are completed at
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the static loads, (x4, ¥g5, 24, 8g)prior to returning to
(0, 0, 0, O). For each gear configuration, the order of
loading can be determined from a review of the load time
histories obtained from analysis. An example is presented
as Figure 7.1 and indicates one such possible sequence of
loadings. These seven points, of loads and corresponding
stroke, will thus define a cycle. The totality of these

cycles will make up the fatigue spectrum.

This spectrum can best be utilized in fatigue calculations
wvhere-in a check on the design for each of the five load

combinations at the proper stroke can be made,

For fatigue testing, the cycles defined for the spectrum
will provide a test block which may be used for Jig or
airplane drop tests, The use of a jig may require refinements
regarding the gear stroke which can be obtained from the time
history solutions of the equations of motion. The jig test
would of course have certain advantagee in time and cost when
compared with the airplane drops, but it would likewise have

disadvantages when considering fuselage flexibility.

The number of landings, N, anticipated for the carrier life
of the nev airplane design will be used to define the total
number of cycles required for fatigue life. The statistical

sample of n landings, for which the landing loads have been

Lo

-
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evaluated, ies representative of the N landings expected
durlng the airplane's carrier life., Therefore, to obtain

a fatigue spectrum, the sample of n should be repeated

kN/n times where k is the required scatter factor. Further,
if the fatigue test is to be representative, the order of
loading cycles applied to the gear should be random. With
an automatic loader for the test machine, a random sequence

of loadings is feasible,
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Example of Proposed Fatigue Load Cycle*
2
O, B, ,Sg) il A

! . / /% (Xms, Y0459

P /
\
Sy s
| |
l‘ :"u.‘.l‘lli ) (N,;’L ‘Hsb\ '
| | ‘ /| / |

/

X1s X35 X4, X5y Xg 8re X loads corresponding to the maximum
Yy or z load

Y2» Y3s Y55 Y6 8re y loads corresponding to the maximum x
or z ioads

Z1, Zpy %3y Z)y %6 8re z loads corresponding to the maximum
X or y loads

81, 8o, '3"#"5’ 8, are the strokes corresponding to the
X, ¥y and z load“combinations

#*Note: The ordering, magnitude, or direction of the load
combinations shown are for illustrative purposes only. The
proper sequencing can be determined from the analysis for
specific gear.
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8., STRENGTH ENVELOPES

The strength envelopes for the landing gear will be
evaluated from the stress analysis which was based on the
design loads (Section 6). To evaluate the compatibility of
these envelopes with the expected usage, the sample of
loadings obtained for the fatigue spectrum can be used.

That is, the combinations of (x, y, z, 8) used in defining
the fatigue cycles can be used to check whether or not they
fall within the strength envelopes evaluated from the stress
analysis. In order to compare the fatigue cycles and
strength envelopes, the gear stroke must be considered since
both the fatigue spectrum and strength envelope are functions
of gear stroke. The strength envelopes are defined in terms
of strength contours which are functions of the strength of
the various structural parts of the landing gear, The maximum
stress felt by each of these component parts is in turn a
function of the gear stroke for a particular set of (x, Y z)

loads.

For those resultants that fall outside the strength
envelope, if any, the probability of the Jjoint occurrence of
“the corresponding initial conditions can be determined. If
this probability is less than that value used in establishing

the design conditions then it will no longer be considered.
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If the probability of joint occurrence is equal to or greater
than the design value then it is a point that must be con-
sidered for design and its initial conditions should fall

within the envelope of design conditions,
9. CONCLUDING REMARKS AND RECOMMENDATIONS

a) The input data to & landing loads analysis will
include the initial conditions as described in reference (a),
and the parameters which describe the deck conditions at the
time of airplane touchdown.

b) The initial conditions can best be selected by use
of a combined Monte Carlo - Parameter Study Technique. The
parameter study will result in simplified distridbution
functions for some of the variables to which the subsequent
Monte Carlo techniques are applied.

¢) Ground loads (vertical, side and drag) are recommended
as the output variables to be used for design and fatigue
studies. The response loads at any point in the structure
can also be evaluated as a part of the landing analysis.

d) Several procedures for evaluating desigr loeds and
fatigue cycles are discussed. The recommended procedure
uses extreme value contours to define initial conditions
for design loads, and Monte Carlo techniques to generate
initial conditions for evaluating a fatigue spectrum and

strength envelopes.
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e) The mathematical model used in a landing loads
study should carefully consider (1) deck conditions (e.g.,
cable size, spacing and location; catapult shuttles, and
landing lights) and their effect on landing loads, (2) strut
and tire characteristics, and (3) the variation of the
friction coefficient as a function of the slip ratio.

f) Fatigue cycles are defined in terms of seven discrete
load combinations which are ordered with respect to the load
and stroke time histories.

g) Strength envelopes, evaluated from the stress analysis,
will be adjusted in order to be compatible with the load
combinations determined from the Monte Carlo sample of

initial conditions.



